The characterization of phosphorylation sites in proteins remains a technical challenge, 1 because protein phosphorylation is recognized to be a key to cellular regulatory mechanisms involving signal transduction, cell division and cancer. 2 A simple, rapid and selective method for the detection and isolation of phosphopeptides in the enzymatic digestives of phosphoproteins has been desired, and immobilized metal ion affinity chromatography (IMAC) has been utilized. [3] [4] [5] [6] [7] [8] [9] [10] 
A method for the determination of phosphorylation sites in phosphoproteins based on column-switching highperformance liquid chromatography (HPLC) has been developed. The HPLC system consisted of a titania precolumn for the selective adsorption of phosphopeptides, an anion-exchange analytical column and a UV detector (215 nm). Rabbit muscle phosphorylase a (RPa) and porcine stomach pepsin (PSP) were tested as model phosphoproteins. After protease digestion, the resulting phosphopeptides were successfully isolated by column-switching HPLC. The phosphopeptide fractions were analyzed by electrospray ionization mass spectrometry with a positive or negative ion mode after purification by reversed-phase HPLC. Pseudo-molecular ion peaks corresponding to Gln-Ile-Ser(p)-Val-Arg (MW 681. 7) and Glu-Ala-Thr-Ser(p)-Gln-Glu-Leu (MW 856.8) were detected from the tryptic digest of RPa and chymotryptic digest of PSP, respectively, which agreed with the theoretically expected phosphopeptide fragments. 
Experimental

Chemicals
RPa, PSP, trypsin (from porcine pancreas, Type IX, 15900 units/mg protein) and chymotrypsin (from bovine pancreas TLCK treated, Type VII, 54 units/mg protein) were purchased from Sigma (St. Louis, MO, USA). Alkaline phosphatase (ALP, from calf intestine, 1500 units/88 µl suspension) was obtained from Roche Diagnostics (Mannheim, Germany) and was used after dilution with water to prepare a 43 units/ml solution. Boric acid, LiCl, acetonitrile (Kanto Chemicals, Tokyo, Japan), trifluoroacetic acid (TFA, Nacalai Tesque, Kyoto, Japan) and NH4HCO3 (Aldrich, Milwaukee, WI, USA) were used as received. Titania (average particle diameter, 2 µm) was kindly donated by Toho Titanium (Tokyo, Japan). Water was purified on a Milli RO-Milli Q system (Millipore, Bedford, MA, USA).
Apparatus
Column-switching HPLC system. The system used was the same as that reported previously. 14 A flow diagram of the HPLC system is shown in Fig. 2 . In this study, the mobile phase S2 used was 0.05 M borate buffer at pH 8.0 containing 100 mM or 300 mM LiCl.
The system was operated as described previously, 14 and in brief was as follows. Initially, the valve was set at the position of "Adsorption" and the sample solution was injected into a stream of 0.015% TFA from injector I1. Phosphopeptides were adsorbed onto the titania precolumn, and others were washed out by the TFA solution. After 2 min, the valve was changed to the position of "Elution" and phosphopeptides were desorbed by delivering the mobile phase with a back-flashing mode. Phosphopeptides were separated on an anion-exchange column and detected at 215 nm.
The reversed-phase HPLC (RP-HPLC)
. RP-HPLC conditions used were the same as those described previously. 14 
Electrospray ionization mass spectrometry (ESI-MS) and a tandem MS spectrometry.
A Thermo Quest TSQ-7000 system (Thermo Quest, Sun Jose, CA, USA) was used and operated in the ESI-positive or negative ion mode. The carrier was 0.05% TFA in acetonitrile-water (10:90) at a flow rate of 3 µl/min. The ionization voltage was 4.5 kV and the capillary temperature was 100 -250˚C. A collision energy of 30 eV was applied in a measurement of the tandem MS (MS/MS) spectra.
Enzymatic digestion of phosphoproteins
Tryptic digestion of RPa. To 100 µl of a RPa solution [1 mg/100 µl in 0.1 M Tris-HCl buffer (pH 8.0)], 10 µl of an aqueous trypsin solution [750 µg (11000 unit)/100 µl] was added, and then incubated at 37˚C for 8 h. The mixture was heated at 70˚C for 3 min to stop the enzyme reaction, and after cooling centrifuged at 4000g for 3 min at 5˚C. To 5 µl of the supernatant, 500 µl of 0.015% TFA was added, and the mixture was injected into the column-switching HPLC system. Chymotryptic digestion of PSP. To 100 µl of a PSP solution (1 mg/100 µl in 0.4 M NH4HCO3), 10 µl of an aqueous chymotrypsin solution [750 µg (38 unit)/100 µl] was added, and then incubated at 37˚C for 15 h. The reaction mixture was heated at 70˚C for 3 min and after cooling centrifuged at 4000g for 3 min at 5˚C. To 20 µl of the supernatant, 100 µl of 0.1 M TFA was added and the mixture was injected into the columnswitching HPLC system.
ALP reaction of phosphopeptides
To 100 µl of a test solution, 10 µl of a 43 units/ml ALP solution was added, and the mixture was incubated at 37˚C for 3 h. The reaction mixture was analyzed by HPLC.
Results and Discussion
Analysis of RPa
RPa consists of 841 amino acid residues and the Ser-14 is phosphorylated. 15 Trypsin is suitable as an enzyme for the digestion of RPa, by which the formation of a phosphopeptide fragment Gln-Ile-Ser(p)-Val-Arg was expected. First, we tried a direct analysis of the tryptic digest by anionexchange chromatography without a titania precolumn. The obtained chromatogram is shown in Fig. 3a . The detection of phosphopeptide was quite difficult due to interfering peaks. On the contrary, as shown in Fig. 3b , when the analysis was carried out by the column-switching HPLC system, many of interfering peaks were removed. On the chromatogram shown in Fig. 3b , peaks appearing at retention times of 20 min (peak A) and 24 min (peak B) were assumed to be phosphopeptides, because both peaks A and B were reduced after the ALP reaction. The phosphopeptide candidates were abbreviated as PPA and PPB, respectively.
Analysis of PPA in RPa
RP-HPLC chromatograms obtained before and after the ALP reaction of the PPA fraction are shown in Fig. 4 . A peak detected at a retention time of 12 min before ALP reaction (peak 1, Fig. 4a ) disappeared by the ALP reaction, and a new peak (peak 3, Fig. 4b ), perhaps its dephosphorylated product, was detected at a retention time of 19.5 min. Therefore, peak 1 was assumed to be PPA. The fraction containing PPA was collected and submitted to ESI-MS with the flow-injection analysis (FIA) mode (Fig. 5) . The theoretical amount of PPA injected was 160 pmol when the over-all recovery of PPA from RPa was presumed to be 100%. A peak of m/z 682.8, corresponding to the pseudo-molecular ion [M+H] + of the expected phosphopeptide PPA, i.e. Gln-Ile-Ser(p)-Val-Arg (MW 681.7), was detected. In this case, the MS peak was detected more sensitively by using the positive-ion mode than by the negative-ion mode, probably because of protonation of the basic amino acid (Arg) residue.
The MS/MS spectrum of the pseudo-molecular ion peak was then measured (Fig. 6) . In this spectrum, a peak of m/z 664.8, corresponding to pyro-Glu-Ile-Ser(p)-Val-Arg, which was produced through the deamination of the N-terminal Gln residue, was detected. A peak of m/z 584.8, corresponding to its dephosphorylated derivative, was also detected. These results indicate that PPA is Gln 
Analysis of PPB in RPa
When analyzed by RP-HPLC, PPB was detected at a retention time of 19 min, which shifted to 22 min after its ALP reaction. Thus, PPB is considered to be a phosphopeptide other than GlnIle-Ser(p)-Val-Arg. However, in the ESI-MS spectrum of PPB, possible phosphopeptides, such as Lys-Gln-Ile-Ser(p)-Val-Arg and Arg-Lys-Gln-Ile-Ser(p)-Val-Arg, consistent with the amino acid sequence of RPa and the substrate specificity of trypsin, were not identified. Unfortunately, PPB remains unknown. 
Analysis of PSP
PSP consists of 327 amino acid residues and the Ser-68 is phosphorylated. 16 Chymotrypsin is suitable as an enzyme for the digestion of PSP, by which the formation of a phosphopeptide fragment, Glu-Ala-Thr-Ser(p)-Gln-Glu-Leu, was expected. Figure 7 a shows a chromatogram of the chymotryptic digestive of the PSP obtained by the column-switching HPLC system. A peak that appeared at a retention time of 25 min (peak C) was assumed to be a phosphopeptide because the peak disappeared when analyzed after an ALP reaction. The fraction of peak C was collected.
When the fraction was chromatographed by RP-HPLC, almost a single peak was detected at a retention time of 10 min (Fig.  7b) . This fraction was then collected and submitted to ESI-MS analysis (Fig. 8) . The theoretical amount of the injected phosphopeptide was 70 pmol.
A peak of m/z 855.8, corresponding to a pseudo-molecular ion peak [M-H] -of the expected phosphopeptide Glu-Ala-Thr-Ser(p)-Gln-Glu-Leu (MW 856.8), was clearly detected. In this case, the MS peak was detected more sensitively by using a negative-ion mode, probably because the peptide did not contain basic amino acid and, consequently, the negative ion peak was formed preferentially in the presence of a negatively charged phosphate group.
An MS/MS spectrum of the pseudo-molecular ion peak is shown in Fig. 9 . In this spectrum, a peak of m/z 837.7, corresponding to pyro-Glu-Ala-Thr-Ser(p)-Gln-Glu-Leu, which was produced by dehydration of the N-terminal Glu residue, was detected. A peak of m/z 757.5, corresponding to its dephosphorylated derivative, was also detected. Based on these facts, the peptide isolated here is concluded to be a phosphopeptide, Glu-Ala-Thr-Ser(p)-Gln-Glu-Leu.
The column-switching HPLC system with a titania precolumn seems to be useful for the detection of phosphopeptides in a complex mixture. The use of titania as a chemo-affinity support is free from some disadvantages found in IMAC procedures, such as a metal-loading step to chelating supports and leaking the metal ions from the supports. The following procedure is recommended for the analysis of phosphoproteins: (1) digestion of protein by a suitable protease, (2) detection of phosphopeptides by the column-switching HPLC system with a titania precolumn, and (3) purification of the phosphopeptides by RP-HPLC. The sites of phosphorylation in protein will be determined through measurements of the MS spectra and, if necessary, an amino acid analysis of the isolated phosphopeptides. ANALYTICAL SCIENCES MAY 2004, VOL. 20 
